We have investigated the ability of a large number of restriction enzymes to digest non-canonically hemimethylated DNA at high enzyme-to-substrate ratios. A single-stranded unmethylated phagemid was used as a template to complete synthesis of the second strand using 5-methyl-dCTP to substitute for all the deoxycytosine residues.
INTRODUCTION
The DNA of many prokaryotes and most eukaryotes contains the base 5-methyl-deoxycytosine (m5C). In prokaryotic systems, the presence of m5C residues in specific base sequences protects these sites from cleavage by restriction endonucleases as part of a methylation/restriction modification system (1) . In eukaryotic systems, m5C is predominantly found in the dinucleotide sequence CpG (2), though low amounts of m5C are probably also found next to C, T, and A residues (3) . CpG dinucleotides themselves are rare, occurring at only about one-fifth of their expected frequency in vertebrate genomes (4) .
Although methylated DNA typically occurs in a fullymethylated (both strands) state in vivo (5, 6) , there exist periods in which DNA is present in a hemimethylated condition, such as during replication after strand synthesis and prior to postreplicational methylation. Though relatively little is known about the properties of hemimethylated DNA, it has been demonstrated to be a preferred substrate (over unmethylated DNA) for the methyltransferase enzymes of higher eukaryotes (7) .
Hemimethylation of plasmid DNA (by 6-methyl-deoxyadenine) inhibits replication of the plasmid in dam-E. coli (8) . The human proenkephalin gene shows reduced binding of the transcription factor AP-2 and concomitant inhibition of transcription when the promoter's CpG sites are hemimethylated (9) . Here, we examine the effect of hemimethylation on the in vitro activity of type II restriction enzymes.
MATERIALS AND METHODS

Enzymes and reagents
The following enzymes were purchased from New England Biolabs (Beverly, MA): AccI, Asel, BamHI, BstXl, Clal, EcoRI, EcoRV, HincH, KpnI, PvulI, Pstl, SacI, Sacd, SailI, SmaI, SpeI, SspI, XbaI and XhoI. Hindi and Hinfl were purchased from Boehringer Mannheim, and SstI was purchased from GIBCO-BRL.
pBluescript SK(+) plasmid and XLl-Blue E. coli were purchased from Stratagene. M13K07 helper phage were purchased from GIBCO-BRL. The 20-mer oligonucleotide pBluescript (-) strand primer, 5 ' GTAA-GCGTTAATATTTTGTT 3', was synthesized on an Applied Biosystems 381A DNA synthesizer. The oligonucleotide corresponds to positions 10 to 29 on pBluescript II. [32P]dATP was purchased from Dupont NEN (Boston, MA). Deoxyribonucleotides, including 5-methyl-dCTP, were purchased from Pharmacia (Piscataway, NJ). Sequenase DNA polymerase was purchased from U.S. Biochemicals (Cleveland, OH). NuSieve agarose (low-melting point) was purchased from FMC BioProducts (Rockland, ME). Figure 2 ). In cases where higher amounts of enzyme resulted in no additional degree of digestion, only the minimal amount of enzyme which gave the highest level of digestion is shown. Among the group of enzymes for which hemimethylation confers partial protection, several demonstrate complete protection at one or two specific enzyme concentrations. For example, the hemimethylated SpeI site is completely protected at the lOx enzyme concentration, whereas unmethylated DNA is completely digested (Fig. 1) . Similarly, the ClaI site is completely protected by hemimethylation at the lOx enzyme concentration, whereas unmethylated DNA is nearly completely digested (Fig. 1) . The EcoRI site has a broader range of protection with complete protection observed up to 100 x enzyme concentration and concentration and significant protection still observed at 250 x (Fig. 1) . However, at 500 x enzyme concentration, greater than 50% of the hemimethylated substrate is digested. This observation of digestion of hemimethylated EcoRI sites at very high enzyme concentrations is in agreement with an earlier report by Tasseron-de Jong et al. (12) . Our observation that high enzyme-to-substrate ratios permit the digestion of non-canonically hemimethylated XbaI is also in agreement with previously reported results (13) .
A majority of the enzymes tested are completely inhibited by hemimethylation of their cognate restriction sites (Fig. 2) . All of the enzymes shown in Figure 2 failed to digest hemimethylated substrate at 250 x enzyme concentration (data not shown). Several were also tested at 500 x, but still did not digest the hemimethylated substrate (SacId, SmaI, PstI, Hinfl, BamiHI, AccI; data not shown, however, see Table 1 ). Therefore, as with fully-methylated restriction sites (13) , all of the enzymes we tested were partially or completely blocked when m5C is completely (and non-canonically) substituted for deoxycytosine. The results for all the enzymes we tested are summarized in Table 1 . 
-= 0% to 10% digestion -/+ = 10% to 50% digestion + = 50% to 75% digestion ++ = > 75 % digestion N.T. = Not tested * = Partially protected by m5C hemimethylation Note: Some enzymes were also tested at higher enzyme concentrations than shown in Figs. 1 and 2 . These results are included in the table.
DISCUSSION
The experiments reported here extend and generally confirn those reported by Gruenbaum et al. (14) and compiled by McClelland and Nelson (13) . The former investigators (14) utilized hemimethylated (with m5C) X 174 DNA synthesized from a single-stranded template using E. coli DNA polymerase I. As did these investigators, we found that non-canonical hemimethylation completely protects PstI and Sacd restriction sites from digestion by their cognate restriction enzymes. In addition, we have identified many other type II restriction enzymes which do not digest non-canonically hemimethylated DNA. In apparent contrast, they found that HinfI was still active on the hemimethylated substrate whereas we did not. However, it is unclear from the previous report (14) The results obtained with m5C hemimethylated DNA generally parallel restriction digestion data of m5C fullymethylated DNA (both strands methylated) (13) . With rare exceptions, full m5C methylation of a restriction site confers resistance to digestion, and most of the sites which we have classified as partially protected by m5C hemimethylation are completely protected when fully methylated (13) Exceptions which have been reported to cut when fully methylated are KpnI, EcoRV, which we did not test, and Hinfl (13) . SmaI, which is completely protected from cleavage by hemimethylation of all cytosine residues in one strand, is cleaved in some configurations of dual-strand methylation, for example, when the middle C residue is methylated (CmCCGGG) (20) . A possible explanation for the difference reported here in cleavage protection between complete and partial sites is the observation that those sites completely protected by hemimethylation contain two or more cytosine residues in the recognition sequence, while those sites offering partial protection, with the exception of KpnI, contain only one. As the methyl groups of substituted m5C residues lie exposed in the major groove of B-DNA, increasing the number of methyl groups may increase stearic hindrance of enzyme interaction with the recognition sequence.
We observed that a number of restriction enzymes failed to digest even the unmethylated substrate at the 1 x or 3 x amounts. This failure to digest the DNA could be due to failure of any of a number of steps in the reaction pathway (enzyme-substrate binding, catalysis, enzyme-product release). Although the exact reason may be different for each enzyme, we have been able to show that increasing the concentration of both the enzyme and the unmethylated DNA (while maintaining the ratios used in our assays) for EcoRI, EcoRV and HinclI resulted in a greater degree of digestion than at lower enzyme and DNA concentrations (Fig. 3) . However, this assay did not work for many enzymes we tested (data not shown). Furthermore, excess enzyme was still needed to achieve complete digestion (Fig. 3) . Therefore, other factors, such as potential enzyme inhibitors from the gelpurified fragment substrate, may have also hindered some digestions. Finally, some enzymes may simply lose activity upon high dilution. Whatever the cause, not all enzymes were equally susceptible, since some enzymes digested the DNA effectively at low concentrations (SstI and XhoI in Fig. 2, for example) .
In conclusion, we have demonstrated that non-canonically hemimethylated DNA at some restriction sites can be digested in the presence of high ratios of enzyme-to-substrate, whereas other enzymes are refractory to digestion at non-canonically modified sites at high enzyme/substrate ratios. The activities of the restriction enzymes on hemimethylated DNA described here may be useful for in vitro manipulations, such as protection of specific sites in DNA during cloning. Further, it may be possible to distinguish hemimethylated and bimethylated DNA in in vivo DNA.
